2
Ferromagnetic Ga 1-x Mn x As thin films grown by low temperature molecular beam epitaxy (LT-MBE) have recently been attracting a great deal of attention [1, 2] . Curie temperature as high as 110K has been achieved for these thin magnetic semiconductor films for Mn content x ranging from 0.05 to 0.09 [2] [3] [4] . In this material the Mn ++ ions reside on the Ga sublattice and act as acceptors. The high concentration of free holes in turn mediates long range ferromagnetic coupling between the Mn ions. It has been
shown that the Curie temperature of this ferromagnetic system can be expressed by the Zener model in the form [5] ,
where N Mn is the concentration of uncompensated magnetic (Mn) spins that are coupled by indirect ferromagnetic interaction, p is the hole concentration, and C is a constant specific to the host material. It is seen from Eq. (1) that in order to increase T C one has to increase the concentration of uncompensated Mn ++ ions, N Mn , and/or the hole concentration, p. Alternatively, it has also been proposed that the ferromagnetic coupling between Mn ++ ions is mediated by holes localized on adjacent ions [6] .
Two key parameters common to most proposed models explaining the indirect fe rromagnetic coupling and predicting the Curie temperature in Ga 1-x Mn x As are the free hole concentration and the concentration of uncompensated Mn ++ ions [5, 6] . One of the long standing problems impeding the analysis of these hole-mediated magnetic interactions that underlie the ferromagnetism in III-Mn-V semiconductor alloys has been the difficulty to reliably determine the hole concentration. The Hall effect which is commonly used to measure the concentration of charge carriers in semiconductors cannot be applied at normally available magnetic fields to materials like Ga 1-x Mn x As because of the presence of the anomalous Hall effect (AHE), a feature characteristic of conducting 3 ferromagnets [3, 7] . Specifically, the Hall resisitivity ρ Hall of ferromagnetic materials depends on the magnetization, and can be expressed as [8] .
In this paper we show that the free hole concentration in ferromagnetic Ga 1-
x Mn x As thin films can be reliably measured using the electrochemical capacitancevoltage (ECV) method. To demonstrate this, we first use ECV profiling to measure the hole concentration in a series of nonmagnetic p-type Ga 1-y Be y As layers grown by LT-MBE, and compare these results with Hall effect data obtained on the same samples.
Additionally, valuable information has also been obtained from comparison of ECV and
Hall data observed on non-ferromagnetic Ga 1-x-y Mn x Be y As layers that were grown in conditions very similar to those used for the growth of ferromagnetic Ga 1-x Mn x As layers.
The Ga 1-x Mn x As, Ga 1-y Be y As and Ga 1-x-y Mn x Be y As films were grown on semiinsulating (001) GaAs substrates in a Riber 32 R&D MBE system. Fluxes of Ga, Be and
Mn were supplied from standard effusion cells, and As 2 flux was produced by a cracker cell. Prior to film deposition we grew a 450 nm GaAs buffer layer at 590ºC (i.e., under normal GaAs growth conditions). The substrate was then cooled down for the growth of a 3 nm thick low-temperature (LT) GaAs, followed by either a 110 nm Ga 1-x Mn x As layer, 4 or 230 nm thick layer of either Ga 1-y Be y As or Ga 1-x-y Mn x Be y As. The As 2 :Ga beam equivalent pressure ratio of 20:1 was used. We used substrate temperatures of 265ºC for LT-Ga 1-x Mn x As growth, and 270ºC for the growth of Ga 1-y Be y As and Ga 1-x-y Mn x Be y As.
Hall effect measurements were performed at room temperature using either the Van der Pauw or the six-probe geometry, and magnetic fields up to 7T. Electrochemical capacitance-voltage measurements were carried out at room temperature using a BioRad PN4300 Semiconductor Profile Plotter. The ECV profiling method uses an electrolyte to make a Schottky barrier to the semiconductor surface and at the same time controllably removes the material by electrochemical etching [9] . For all our specimens a 0.2M NaOH: EDTA solution was used as the electrolyte. The C-V measurement technique provides information on the distribution of the net space charge in the depletion region of the semiconductor [9] . Determination of the free carrier concentration using the C-V measurement may be complicated by the presence of deep states in semiconductors [9] .
This issue could be especially important in LT-GaAs, whic h typically contains large concentrations of arsenic antisites [10] and gallium vacancies [11] . In order to establish The observed insensitivity of the ECV measurements to the presence of deep level states could be explained by the argument that, with the relatively low modulation frequency used in the ECV measurements (typically <3kHz), only deep traps at energy levels less than 0.35eV from the valence band maximum are expected to affect the space charge in the depletion region [9] . Therefore the arsenic antisite defects are not expected to affect the ECV measurements, as the second ionization stage of this defect is located at 0.5 eV above the valence band edge [13] . On the other hand, although the energy levels of the Ga vacancy may be located closer than 0.35 eV to the valence band edge, the concentration of these defects is typically only about 10 19 cm -3 in intrinsic LT-GaAs [11] , and is expected to be significantly lower in our heavily p-type doped material. as-grown Fig. 3 
